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C O S M I C  M I C R O W A V E  B A C K G R O U N D

Planck collaboration 2013

1. BAO method



Animation:  Daniel Eisenstein



z ~ 1100

z ~ 0

image: http://newscenter.lbl.gov/wp-content/uploads/ruler-cmb-today.jpg

BAO as a standard ruler 

http://newscenter.lbl.gov/wp-content/uploads/ruler-cmb-today.jpg


Eisenstein et al. 2005 
Cole et al. 2005 
Figure: Anderson et al. 2014

Uses a bump in the galaxy-galaxy 
correlation function



rs

BAO also produce baryon-DM relative velocity

Green image:  Daniel Eisenstein	

Figure: SE2015a	

RV effect: Tseliakhovich & Hirata 2010
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Relative velocity is ~10% of halos’ circular velocity 
at z~50

These are luminous red galaxies’ progenitors

If they have a strong memory, relative velocity 
could introduce correlations on BAO scale

2. Relative velocity as a possible systematic



motivates exploring a galaxy bias model

bias model: Yoo Dalal & Seljak 2011

2. Relative velocity as a possible systematic



using Green’s function at z = 50 Figure: Slepian & 
Eisenstein 2015a



3 - P O I N T  C O R R E L A T I O N  
F U N C T I O N  O F  G A L A X I E S

Szapudi 2004 
McBride et al. 2011; Nichol et al. 2006  
Slepian & Eisenstein 2015b

3.  A diagnostic

3PCF has a term in b13,  b12b2,  and bv



T H E  M U LT I P O L E  B A S I S

Szapudi 2004 
Slepian & Eisenstein 2015a, b



T H E  S Q U E E Z E D  L I M I T

!
Slepian & Eisenstein 2015a

for perturbation theory to 
work, no triangle side can be 

too small	




!
Figure: Slepian & Eisenstein 2015a

Multipoles of 
terms in b13

	

!

Diagonal 
suppressed to 

avoid 
squeezed limit



!
Figure: Slepian & Eisenstein 2015a



!
Figure: Slepian & Eisenstein 2015a



C O M P R E S S I O N

Slepian & Eisenstein 2015a

Integrate 
out r2

r2 is 
integrated 
over 
annulus set 
by r1

Compression is proportional to



Relative velocity with bv = 1% 
gives 20-30% effect in 
compressed 3PCF dipole

Slepian & Eisenstein 2015a



Measuring the 3PCF multipoles should allow bv to be 
measured and removed from BAO method	


!

H O W  D O  W E  M E A S U R E  T H E  
3 P C F ’ S  M U LT I P O L E S ?



Slepian & Eisenstein 2015b

Compute about a particular galaxy given by s 
first, then average over all galaxies

looks like 
order N2 

about 
each 
galaxy	


!
so overall 

order 	

N3

X



S E C R E T  
S A U C E

Slepian & Eisenstein 2015b

These 2 integrals are 
the same up to 

magnitude of r-vector





Slepian & Eisenstein 2015b

N O W  O R D E R  N  A B O U T  
E A C H  G A L A X Y

Around each galaxy, compute alm 	

in spherical shells/radial bins



C O M P U T I N G  T H E  A L M

Pre-compute powers of x/r, y/r, z/r	

!

Works well because don’t need many multipoles



S P E E D  O F  T H E  A L G O R I T H M

5 0 0 X  FA S T E R  T H A N  A  T R I P L E T  
C O U N T  

!

O N LY  6 X  S L O W E R  T H A N  
C O M P U T I N G  A  2 - P O I N T  F U N C T I O N



How do we now fit parameters to the multipoles?	

!

Need the covariance matrix	

!

Turned out to be hard	

!

Previous state of the art required 6-D integral, and not 
clear how to project onto multipoles

Previous state of the art: Szapudi 2001



C O M P U T I N G  T H E  C O VA R I A N C E

Converted a linked 9-D integral 
into products of 2-D ones 

using techniques originally 
developed for nuclear physics

Assumes density field is Gaussian 
Random Field and neglects survey 

boundaries

Slepian & 
Eisenstein 

2015b



T E S T I N G  T H E  C O VA R I A N C E

Using 299 DR12 mock catalogs (PATCHY, Kitaura 
et al. 2015), compute empirical covariance	


!

Test: apply inverse of analytic (GRF) covariance we 
computed to empirical covariance 	


!

Subtract identity: should get random noise	




Mean is 0.6%, RMS is 6% Slepian et al. 
2015



Mean is 0.6%, RMS is 6% Slepian et al. 
2015



N O W  F O R  T H E  M O C K S  .  .  .



C O M P R E S S I O N

Slepian & Eisenstein 2015a

Integrate 
out r2

r2 is 
integrated 
over 
annulus set 
by r1

Compression is proportional to



PA T C H Y  M O C K  R E S U LT S

Slepian et al. 2015



PA T C H Y  M O C K  R E S U LT S

Slepian et al. 2015



M O C K S  F I T  W I T H O U T  B A O

      is 3234 
on 107 
degrees of 
freedom:	

57σ 
preference for 
BAO

Slepian et al. 2015



N O W  F O R  T H E  D A TA

Apply our approach to DR12 BOSS CMASS sample	

!

CMASS is color-selected	

0.43 < z < 0.7	


!
777, 202 galaxies over 9,493 sq. deg.	


Completed 2014

Alam et al. 2015 
Reid et al. 2016



C M A S S :  F I T  W I T H O U T  B A O

Error bars 
are 

diagonal of 
covariance 

matrix

Slepian et al. 2015



C M A S S :  F I T  W I T H  B A O

Slepian et al. 2015



W E  F I N D

        of 7.58 on 107 degrees of freedom, 
meaning 2.8σ preference for BAO	


!

From scaling mocks, this is plausible	

!

Refinements are underway 	

!

!

!

!

!

Slepian et al. 2015



R E T U R N I N G  T O  T H E  R E L A T I V E  
V E L O C I T Y  

 
This year, thesis will use our 
templates to place constraint 

on RV

Constraining this systematic 
vital for DESI to reach 

desired precision



F U R T H E R  A P P L I C A T I O N S  T O  D E S I

Extract BAO information from 3PCF	

!

Use Fourier version of algorithm (Slepian & 
Eisenstein 2015c)



F U R T H E R  A P P L I C A T I O N S  

Constrain Primordial Non-Gaussianity using the 3PCF + 
N-body sims. or EFT of LSS	


!

Examine redshift space distortions in the 3pcf in our 
multipole framework to test GR or measure growth 

rate	

!

LSST, DES/DECaLS: measure projected 3PCF, optimal 
for photometric surveys (Slepian & Eisenstein 2015b 

shows how)	

!

!

!



T H E  A N I S O T R O P I C  2 P C F

!

Using Fourier transforms for this previously required 
single line of sight to survey	


!

But geometry is just like 3PCF	

!

!
Galaxy 1

Galaxy 2

Observer



We show how to use red line of sight—i.e. to 
one pair member—with FTs (SE2015c)	


!

Better: angle bisector (white) with FTs: Slepian 
& Eisenstein 2015e

Galaxy 1 Galaxy 2

Observer

T H E  A N I S O T R O P I C  2 P C F



C O N C L U S I O N S

1] Baryon-dark matter relative velocity can 
systematically bias BAO 	

!

2] Signature in 3PCF that should allow detection	

!

3] Reformulation of 3PCF:  transformational speed 
increase, simple handling of covariance	

!

4] Preliminary results from BOSS using this 
framework; 2.6 sigma BAO feature	

!

5] Anisotropic 2PCF: combines accurate l.o.s. with 
Fourier Transform approach


